The amygdala is under inhibitory control from the cortex through the activation of local GABAergic interneurons. This inhibition is greatly diminished during heightened emotional states due to dopamine release. However, dopamine excites most amygdala interneurons, suggesting that this dopaminergic gate may be mediated by an unknown subpopulation of interneurons. We hypothesized that this gate is mediated by paracapsular intercalated cells, a subset of interneurons that are innervated by both cortical and mesolimbic dopaminergic afferents. Using transgenic mice that express GFP in GABAergic interneurons, we show that paracapsular cells form a network surrounding the basolateral complex of the amygdala. We found that they provide feedforward inhibition into the basolateral and the central amygdala. Dopamine hyperpolarized paracapsular cells through D1 receptors and substantially suppressed their excitability, resulting in a disinhibition of the basolateral and central nuclei. Suppression of the paracapsular system by dopamine provides a compelling neural mechanism for the increased affective behavior observed during stress or other hyperdopaminergic states.
Introduction
The amygdala plays a crucial role in producing emotionally appropriate behavior in response to sensory input, in particular to threatening stimuli (LeDoux, 2000) . For this process, an intact inhibitory system is essential as illustrated by the fact that selective blocking of inhibition (e.g., by infusion of GABA A receptor blockers in the amygdala) produces an uncontrolled anxiety-like state (Sanders and Shekhar, 1995) . Previous findings indicate that cortical afferents drive inhibition in the amygdala by activating local interneurons (Lang and Pare, 1998; Le Gal LaSalle et al., 1978) , resulting in suppressed output from the basolateral amygdala (BLA, consisting of the lateral, basolateral, and basomedial nuclei) and the central amygdala (CeA) (Quirk et al., 2003) . However, in situations in which an emotional response is important, cortically mediated inhibition must be lifted to facilitate amygdala function. Several lines of evidence suggest that the modulatory neurotransmitter dopamine (DA) may act as switch between the cortically controlled and the disinhibited states of the amygdala: (1) DA is increased under stress in the amygdala (Inglis and Moghaddam, 1999; Yokoyama et al., 2005) , thus available in emotionally charged situations; (2) DA produces disinhibition in the BLA Rosenkranz and Grace, 1999) ; (3) release of DA enhances amygdala-related behavior (Borowski and Kokkinidis, 1998) , whereas inhibition of the dopaminergic system depresses amygdala-related behavior such as fear learning and the expression of fear (Greba and Kokkinidis, 2000; Lamont and Kokkinidis, 1998; Nader and LeDoux, 1999) .
DA receptors can be classified into two main groups with the DA D1 receptors comprising the subtypes D1 and D5, and the DA D2 receptors comprising the subtypes D2, D3, and D4 (Missale et al., 1998) . In particular DA D1 receptors appear to be essential for disinhibition of the amygdala, as prefrontal cortical control over the amygdala is strongly reduced through DA D1 receptor activation . Further evidence for the importance of the DA D1 receptor system stems from behavioral studies, in which activation of these receptors by systemic application of the selective agonists SKF38393 augments both fear learning and expression (Borowski and Kokkinidis, 1998) , and systemic or focal application of the DA D1 receptor antagonist SCH 23390 (Greba and Kokkinidis, 2000; Inoue et al., 2000; Meloni and Davis, 1999) blocks either the acquisition or both acquisition and expression of fear.
On a cellular level, disinhibition of the BLA can either result from reduced excitatory input to interneurons or from a direct suppression of amygdala interneuron excitability. However, interneurons within the BLA were shown to be depolarized by DA or DA D1 receptor agonists, increasing rather than reducing inhibitory activity (Krö ner et al., 2004; Rosenkranz and Grace, 2002) . This raises the question as to whether a subpopulation of amygdala interneurons exists that is differently modulated by DA and mediates cortical control of the amygdala. In the rat amygdala, the so-called paracapsular intercalated cells (pcs) (Alheid et al., 1995; Millhouse, 1986) receive the densest afferents from the mesencephalic DAergic system with a high number of somatic and perisomatic synapses and show the highest levels of DA D1 receptor immunoreactivity and DA D1 receptor mRNA (Asan, 1998; Fuxe et al., 2003) . Functional data on these interneurons is scant except for the subgroup forming an inhibitory gate between BLA and CeA presumably under cortical control Royer et al., 1999) . For the second prominent subgroup, located along the external capsule, physiological data are largely missing.
Given the occurrence of pcs along the fiber bundles carrying cortical afferents together with their dense dopaminergic innervation, we hypothesized that these cells are substantially involved in mediating the prominent cortical feedforward inhibition and its modulation by DA observed in the amygdala.
Using mice that express GFP in GABAergic interneurons (Tamamaki et al., 2003) , we were able to identify pcs in acute brain slices and study their connectivity and response to DA. Here we demonstrate that pcs form an interconnected system provide feedforward inhibition into the BLA complex and the CeA and show a modulation by DA and DA D1 agonists that is not found in other neurons in the amygdala.
Results
Morphology of Paracapsular Intercalated Cells GAD-GFP mice (Tamamaki et al., 2003) express green fluorescent protein (GFP) under the control of the promotor for GAD67, a key enzyme for the synthesis of g-aminobutyric acid (GABA). With help of these mice, two types of interneurons could be distinguished in the amygdala: ''classical'' interneurons that occur loosely scattered within the BLA and densely packed clusters of smaller interneurons that are located along the external capsule and along the medial border between the BLA and central amygdala ( Figures 1A and 1C) . Consistent with location and morphology, we identified the latter as pcs (Alheid et al., 1995; Millhouse, 1986 ) with a lateral (lpcs [*]) and a medial (mpcs [**]) subdivision. These subdivisions were linked by a cell band stretching across the BLA ( Figure 1C , downward arrow), presumably constituting a third group of pcs. Characteristic for pcs is their small size (5-8 mm in diameter, n = 27), a poorly developed dendritic tree, and their occurrence in tightly packed nuclei ( Figures 1D and 1E) . A three-dimensional reconstruction of the pc system revealed that they form an inhibitory sheath around the BLA (Supplemental Data available with this article online). In immunohistochemical studies, subsets of BLA interneurons were immunopositive for typical interneuron markers (calbindin, calretinin, parvalbumin, NPY, cholecystokinin, somatostatin), yet none of these markers labeled pcs (data not shown).
Functional Characterization of pcs
In a first set of experiments, we examined the electrophysiological properties of lpcs, mpcs, and classical BLA interneurons as shown in Table 1 . Compared to classical interneurons, pcs exhibited broader spikes, less pronounced afterhyperpolarizations, and lower sustained spike frequencies. These features were especially prominent in lpcs; in fact, their spiking pattern was reminiscent of the one observed in pyramidal cells, whereas the firing pattern of mpcs more closely resembled the one observed in other BLA interneurons (Figures 2A-2D ). The passive membrane properties of pcs such as input resistance and whole-cell capacitance were typical for small neurons, with the lpcs possessing even higher input resistance and lower whole-cell capacitance than mpcs (see Table 1 ).
Lpcs Receive Excitatory Cortical Input and Project onto BLA Pyramidal Cells
Previous anatomical and electrophysiological studies demonstrated that mpcs receive excitatory input from BLA projection cells (Royer et al., 1999; Smith and Pare, 1994) and send projections to CeA neurons, providing feedforward inhibition of the CeA. In addition, studies by Quirk et al. (2003) and Berretta et al. (2005) imply cortical activation of mpcs. As lpcs are located in close proximity to the external capsule, we investigated whether they are also innervated by cortical afferents. Individual lpcs were recorded in current-clamp mode, while cortical afferents were activated through a bipolar platinumiridium electrode placed onto the external capsule . Stimulation of the fiber bundle resulted in EPSPs of sufficient size to fire lpcs (n = 5) (Figures 2E and 2F) . To confirm the specificity of cortical innervation, the external capsule was severed with the result that stimulation distal of the cut no longer evoked any synaptic response in the lpc, though proximal stimulation still generated robust excitation (n = 4) ( Figures  2G and 2H ). Either proximal stimulation or increased stimulation intensity recruited IPSPs in addition to EPSPs, indicating that lpcs receive excitatory cortical innervation and lateral inhibition from other interneurons, reminiscent of the situation in mpcs (Royer et al., 1999) .
A first indication concerning their target cells was obtained by biocytin-filled lpcs, which send axonal collaterals into the BLA. To verify functional connectivity, we recorded from connected lpc-BLA projection cell pairs. Lpcs were recorded in whole-cell current-clamp mode, and presynaptic action potentials were elicited by brief (1 ms) current injections. We recorded from 134 lpc-BLA projection cell pairs; we detected synaptic connections in 7 of these. The amplitude of unitary IPSCs (uIPSCs) was small (16 6 1.7 pA), and their kinetics were slow (rise time: 5.0 6 0.7 ms, decay time: 46.8 6 13.1 ms) ( Figures 3B and 3C ). Signal size and kinetics strongly imply dendritic, rather than somatic synaptic contacts between lpcs and BLA principal cells, which is in accordance with the distal axo-dendritic contact found in biocytin-filled cell pairs ( Figure 3A ). Such modest IPSCs may only have limited inhibitory impact on their targets, but if multiple lpcs from a single cluster project to a single BLA principal cell, this could considerably enhance the inhibitory effectiveness of lpcs. We tested this hypothesis by stimulating lpc clusters with an extracellular stimulus electrode and recording IPSCs from a single BLA projection cell (n = 4) ( Figure 3D ). To ensure local activation of lpcs, an ACFS-filled glass electrode with a small tip was used and recordings were performed in the presence of kynurenate (3 mM). In all experiments, increasing the stimulation current resulted in a slowly growing inhibitory response due to gradual recruitment of lpcs and multiple innervation of the target cell by lpcs ( Figures 3E and 3F ).
So far we have shown that lpcs are activated by cortical afferents and project to BLA projection cells. However, some BLA interneurons are also cortically activated (Lang and Pare, 1998; Szinyei et al., 2000) , raising the question as to which amount of feedforward inhibition is mediated by lpcs. To assess their contribution to cortical feedforward inhibition, we stimulated afferents in the external capsule while selectively blocking excitatory synaptic transmission onto lpcs with brief (1-2 s) focal puffs of the AMPA/kainate receptor blocker NBQX (1 mM) ( Figures 3G-3J ) (Royer et al., 1999) . These puffs caused a transient reduction in the IPSC amplitude of BLA projection cells that were recorded in the vicinity of the superfused cluster ( Figures 3H and 3I) . On average the IPSC amplitude was reduced to 31% 6 7% of preapplication values (n = 5, p < 0.05) ( Figure 3J) , showing that the predominant part of cortical feedforward inhibition on BLA pyramidal cells is carried by lpcs.
Since cortically mediated inhibition is strongly sensitive to DA as shown by Rosenkranz and Grace (2002) , we next studied the response of the paracapsular system to DA. We measured resting membrane potential (RMP), input resistance (Rin), whole-cell capacitance (Cap), peak firing frequency-first three action potentials (peak f), sustained firing frequency-last four action potentials (sustained f), frequency adaptation (sustained frequency divided by the peak frequency), action potential half-width of the first action potential (hw first), action potential half-width of the last action potential (hw sust), amplitude of the action potential from the beginning of the upstroke to the peak for the first action potential (AP first) and for the last action potential (AP sust). Average values (avg), standard error of the mean (SEM), and the number of recordings (n) are given. Statistics were computed using one-way ANOVAs and post-hoc Bonferroni tests. > or < indicate statistically significant differences; z indicates no significant difference.
Dopaminergic Modulation of pcs
Consistent with previous data obtained in the rat (Asan, 1998) , dense tyrosine hydroxylase-positive plexuses were found within lpc and mpc clusters in GAD-GFP mice ( Figures 4A and 4B ). We assessed the physiological effect of this prominent innervation by applying DA (20-30 mM DA was used throughout the study) while recording from a pc (mpc and lpc) held in current-clamp. In lpcs, bath application of DA caused a hyperpolarization of the resting membrane potential (RMP) from 271.6 6 1.3 mV to 276.4 6 1.4 mV (n = 8, p < 0.01) and in mpcs from 273.3 6 1.3 mV to 277.9 6 1.4 mV (n = 12, p < 0.01) ( Figure 4C ). The effect was reversible upon washout. No significant difference in the amount of hyperpolarization was observed between lpcs and mpcs, and therefore data of both groups were pooled for subsequent experiments.
To examine whether DA directly acts on pc membrane potential and to study the ensuing effect on pc excitability, we repeated the experiments under complete block of ionotropic glutamatergic and GABAergic synaptic transmission (3 mM kynurenate, 100 mM picrotoxin) and evoked action potentials via somatic current injections. Bath application of DA hyperpolarized pcs by 24.7 6 0.4 mV (274.5 6 1.2 mV to 279.3 6 1.1 mV) (n = 20, p < 0.01), accompanied by a reduction of input resistance (810 6 100 MU to 564 6 45 MU, n = 20, p < 0.01) and of evoked spikes from 6.5 6 1.1 to 1.6 6 0.6 per trial (n = 20, p < 0.01) (Figures 4E and 4F) . In another series of experiments, we applied DA in the presence of TTX (1 mM), which completely abolished network activity in the slice, and again measured a significant hyperpolarization (24.6 6 0.4 mV, n = 10, p < 0.01). As synaptic activity was not necessary for hyperpolarization, and activation of DA receptors on these cells led to a marked decrease in input resistance, we concluded that DA attenuates the excitability of pcs via a direct postsynaptic effect by increasing a hyperpolarizing conductance. In contrast to the inhibitory effect of DA on pcs, we found that classical BLA interneurons were invariably depolarized by DA (274.4 6 1.6 mV to 268.7 6 0.5 mV, n = 15, p < 0.01) and exhibited heightened excitability reflected by an increase in the number of spikes (4.4 6 1.6 to 14.5 6 3.5, n = 8, p < 0.05) without significant alteration in input resistance (295 6 84 to 293 6 86 MU, n = 8, p > 0.05) (Figures 4G and 4H) . This result is in agreement with a previous study, which showed that DA receptor activation increased evoked firing in fast-spiking BLA interneurons (Krö ner et al., 2004) .
Next, we investigated the effect of DA on cortically activated lpcs. We recorded from individual lpcs while stimulating cortical afferents in the external capsule with the stimulus strength set to evoke an EPSP large enough to fire an action potential in w50% of the trials. Application of DA led to hyperpolarization accompanied by a significant drop in the likelihood of action potential firing (51% 6 9% before DA versus 12% 6 7% after DA, n = 4, p < 0.05) (Figures 4I and 4J) while leaving the evoked EPSP largely intact. This result demonstrates that DA also depresses cortically evoked action potentials in lpcs.
DA D1 Receptors Mediate the Dopaminergic Effect
We determined the DA receptor subtype that mediates the hyperpolarization caused by DA (24.7 6 0.4 mV, n = 20) by bath applying specific DA receptor agonists and antagonists in the presence of kynurenate (3 mM) and picrotoxin (100 mM) to isolate a direct effect on the membrane potential. The DA D1 agonist dihydrexidine, but not the DA D2 agonist quinpirole, mimicked the effects of DA on membrane potential in both lpcs and mpcs ( Figure 5 ). Dihydrexidine (2 mM) led to a hyperpolarization of 24.4 6 0.6 mV (n = 12, p < 0.01), a concomitant loss of input resistance (753 6 51 MU to 532 6 87 MU, n = 12, p < 0.05), and a decrease in the number of evoked action potentials (9.2 6 2.0 to 4.0 6 1.6, n = 12, p < 0.05) ( Figures 5A and 5B) . Consistently, DA combined with the DA D2 antagonist sulpiride (5 mM) hyperpolarized the resting membrane potential (24.2 6 1.3 mV, n = 8, p < 0.05), whereas quinpirole (1 mM) as well as DA together with the DA D1 antagonist SCH 23390 (5 mM) did not significantly alter the membrane potential (0.76 0.8 mV, n = 10, p > 0.05 and 20.5 6 0.8 mV, n = 9, p > 0.05, respectively) ( Figure 5C ).
DA D1 Receptors Activate GIRK Channels in pcs DA and dihydrexidine caused a marked decrease in input resistance, suggestive of the activation of an additional membrane conductance. Classically, DA D1 receptors activate adenyl cyclase via G s or G olf , but other types of coupling, e.g., to G protein-coupled inward rectifier potassium (GIRK) channels have been observed in striatal cells (Pacheco-Cano et al., 1996) . We therefore tested the hypothesis that DA activates a GIRK current in pcs. Current-voltage curves were obtained (n = 6) using a voltage ramp from 2100 to 260 mV after application of picrotoxin (100 mM), kynurenate (3 mM), and TTX (1 mM). When the concentration of extracellular K + was 2.5 mM (recorded with K gluconatebased internal solution containing 130 mM K + ), the DAinduced current reversed at 292 6 0.8 mV and was strongly inwardly rectifying ( Figure 6A ). Based on our K + concentrations, the K + reversal according to the Nernst equation would be w2100 mV, hence the reversal potential determined by us was compatible with a K + current. To verify the involvement of a G protein, we tested the effect of DA on the resting membrane potential when a blocker of G protein function, GDP-b-S (1 mM) was used in the pipette solution (n = 5). To ensure complete diffusion, cells were dialyzed with the GDPb-S-containing solution for 25 min prior to recording. Cells were current-clamped and their resting membrane potential was monitored before and after the application of DA. DA failed to induce an inward-rectified current, suggesting that DA-induced K + current is G protein dependent ( Figures 6B and 6C) . Final evidence for the involvement of a GIRK channel was obtained by using the specific antagonist of GIRK 1/4 channels, tertiapin-Q ( Figures 6D and 6E) , under complete block of synaptic activity (3 mM kynurenate, 100 mM Picrotoxin, 1 mM TTX). Bath application of tertiapin-Q (1 mM) 5 min prior to either application of DA (n = 6) or dihydrexidine (2 mM) (n = 5) resulted in a complete block of hyperpolarization. These findings prove that upon activation of DA D1 receptors on pcs a GIRK 1/4 conductance is opened and leads to the observed hyperpolarization in these cells.
Presynaptic Modulation of pc Output by DA
In addition to the postsynaptic effect DA exerts on pcs, it may also influence the presynaptic release of neurotransmitter (Nicola et al., 1996) . In paired recordings from lpcs and BLA principal cells (n = 3), DA hyperpolarized the presynaptic lpcs as expected. However, firing was ensured by a sufficiently large somatic current injection ( Figure 7B ). In the postsynaptic cell, DA led to an increase in the failure rate of the evoked IPSCs from 25.2% 6 3.2% to 86.0% 6 4.8% (n = 3, p < 0.05) (Figure 7A ). When we averaged the success responses before and after DA for all three experiments we found a slight, albeit not significant reduction in the amplitude (14.4 6 4.2 pA to 11.2 6 2.5 pA, n = 3, p > 0.5). Given that DA does not alter the sensitivity of the GABA A receptor for GABA , this result suggested a decrease in synaptic release by DA ( Figure 7C ).
DA Reduces Feedforward Inhibition into the BLA and CeA
In the lateral nucleus of the amygdala, thalamically triggered feedforward inhibition is reduced in the presence of DA through activation of DA D2 receptors . Furthermore, DA excites pyramidal cells (E) Representative current-clamp recording of a lpc, plot of the membrane potential. Response to somatic current injections (210 pA and 40 pA) before (left) and after the application of DA (right) in the presence of kynurenic acid (3 mM) and picrotoxin (100 mM). and BLA interneurons as mentioned before, thus providing for various effects in the amygdala. How does DA affect cortically triggered feedforward inhibition, mediated by pcs, of BLA and CeA? To study this effect we placed extracellular stimulus electrodes in the lpc cluster or the mpc cluster, activating them either directly or through their excitatory synaptic input, and postsynaptic potentials consisting of an EPSP-IPSP sequence were recorded in their respective target cells (BLA pyramidal cells, CeA neurons). All target cells in BLA (Krö ner et al., 2004) and CeA were depolarized by DA (7.5 6 1.3 mV, n = 4, p < 0.05 and 6.3 6 1.4 mV, n = 4, p < 0.05, respectively) ( Figure 7D ), which made it necessary to repolarize them to their original membrane potential before assessing the DAergic impact. Application of DA strongly reduced the IPSP amplitude both in CeA neurons (24.4 6 1.5 mV to 20.9 6 0.7 mV, n = 4, p < 0.05) and BLA pyramidal cells (25.0 6 1.2 to 21.1 6 0.7 mV, n = 4, p < 0.05) without significantly affecting the EPSP, evidenced by an unaltered initial slope (CeA cells: 4.0 6 1.3 mV/ms to 4.2 6 1.3 mV/ms, n = 4, p > 0.05; BLA projection cells: 4.7 6 1.2 mV/ms to 4.4 6 1.2 mV/ms, n = 4, p > 0.05) (Figures 7D-7G) .
The reduced output of the pc system in the presence of DA may also stem from a reduced cortical input to these cells. We therefore recorded monosynaptic EPSCs in pcs evoked by stimulation of the external capsule (in case of lpcs) and either the intermediate capsule or the BLA (in case of mpcs). In lpcs, EPSC amplitudes were unaltered by DA (98% 6 8% of control, p > 0.5, n = 4). In contrast, a significant decrease in the EPSC amplitude was observed in mpcs when stimulating either the intermediate capsule (38% 6 4% of control, n = 4, p < 0.05) or the basolateral nucleus (45% 6 2% of control, n = 4, p < 0.05). Thus, DA reduces lpcs-mediated feedforward inhibition exclusively through direct effects on these cells, while DA exerts a compound effect on mpcs-mediated feedforward inhibition through a combination of attenuated mpc excitability and decreased cortical input. In both cases, DA strongly shifts the balance toward excitation in BLA and CeA by reducing pcs-generated inhibition and depolarizing the target cells.
D1 Receptor Activation Selectively Reduces pc Inhibitory Output
To assess more accurately the contribution of the pc system to inhibitory signals in the amygdala, we made use of their distinct DA D1 pharmacology. Given, that of all BLA interneurons only pcs are inhibited through DA D1 receptors (Krö ner et al., 2004) , application of the agonist dihydrexidine should reveal the fraction of inhibition these cells provide in the BLA and CeA. Target cells in the BLA or CeA were voltage-clamped in the presence of kynurenate (3 mM) (to avoid polysynaptic inhibitory responses), and monosynaptic IPSCs were evoked by stimulation of either lpcs or mpcs, respectively ( Figures 8A  and 8B ). For BLA target cells, a second stimulus electrode was simultaneously placed inside the nucleus and control IPSCs from local interneurons were evoked ( Figure 8A ). Dihydrexidine (2 mM) reduced IPSCs produced both by lpc and mpc stimulation (48% 6 8% of control, n = 4, p < 0.05 and 60% 6 4% of control, n = 4, p < 0.05 respectively) but did not affect IPSCs originating from BLA interneurons (IPSC amplitude: 91% 6 11% of control, n = 4, p > 0.4) ( Figure 8C ). The DA D2 receptor agonist quinpirole (1 mM) did not affect the amplitude of monosynaptic IPSCs produced by either lpc (99% 6 7% of control, n = 4, p > 0.5) or mpc stimulation (97% 6 6% of control, n = 4, p > 0.5) ( Figures 8D and 8E ). Taken together, the output of the pc system is strongly reduced by DA through (1) loss of pc excitability resulting from the opening of a GIRK conductance, (2) a presynaptic inhibition of GABA release from pcs, and (3) in the case of mpcs but not lpcs, a concomitant decrease in excitatory cortical input.
Discussion
In the present study, we have shown that lpcs strongly resemble mpcs in physiological and functional aspects, providing evidence that the collectivity of pcs constitutes a special network of amygdala interneurons. In fact, the pc system possesses three distinctive features: (1) By virtue of its location, the pc system is ideally situated to gate incoming and outgoing information of the BLA. (2) Pcs are innervated by cortical fibers and can thus mediate cortical control in a feedforward manner over the BLA and the CeA, the two nuclei most important for triggering emotions such as fear. (3) This feed-forward network, formed by the pc system, is not rigid but rather is gated by DA acting on D1 receptors. In the presence of DA, the pc-mediated inhibition collapses, thus attenuating cortical control and most likely promoting amygdala-related behavior.
Functional Properties of pcs
Several anatomical and functional studies have demonstrated that mpcs are targeted by axons from BLA projection neurons (Krettek and Price, 1978; Smith, 1993a, 1993b) and project to cells of the CeA, providing feedforward inhibition of the CeA (Royer et al., 1999 (Royer et al., , 2000 . Using paired recordings of lpcs-projection cells in acute slices, we now have demonstrated that lpcs target projection cells in the BLA and mediate cortical feedforward inhibition onto these cells. Thus, pcs control the entry into the BLA as well as the exit to the CeA. Moreover, the paired recordings revealed that lpcs form rather weak unitary connections with their postsynaptic targets, generating unitary IPSCs of less than 20 pA with the small size of the signal most likely resulting from only a few and distal synaptic contacts with dendritic cable filtering accounting for the slow kinetics.
However, a marked increase in inhibitory strength is achieved in that several lpcs target an individual BLA projection cell, evidenced by our experiments with extracellular stimulation. The result of this convergence is a substantial cortical feedforward inhibition mediated by clusters of lpcs to BLA projection cells. High tonic activity should also considerably enhance their inhibitory strength and was in fact observed in mpcs in vivo (Collins and Pare, 1999) . In addition, Royer et al. (2000) have described a slowly deinactivating K + current in mpcs that keeps them in a self-sustained state of heightened excitability after episodes of suprathreshold activity. This slow afterdepolarization-that increases the likelihood that synaptic activity will trigger action potentials-was also observed in lpcs (data not shown); it is therefore reasonable to assume that lpcs possess high firing rates in vivo analogous to mpcs.
Cortical Control of pcs A hallmark feature shared by mpcs and lpcs is their cortical activation. Cortical and in particular prefrontal cortical control over the amygdala is essential for appropriate affective response. Recent fMRI data in humans have indicated that the medial prefrontal cortex (mPFC) shapes amygdala-dependent behavior (Hariri et al., 2000 (Hariri et al., , 2003 and also plays an important role in fear extinction (Phelps et al., 2004) . Consequently, a disturbed interaction between the prefrontal cortex (PFC) and the amygdala is postulated to underlie the affective symptoms of psychiatric disorders such as depression (Siegle et al., 2002; Soares and Mann, 1997) The mPFC maintains connections to mpcs as demonstrated in various studies (Berretta et al., 2005; Freedman et al., 2000; Sesack et al., 1989; Vertes, 2004) . In fact, inhibition in the CeA triggered by activation of the mPFC is thought to be mediated by mpcs (Quirk et al., 2003) . Mpcs could also be excited in vivo by stimulating the perirhinal area (Collins and Pare, 1999) , suggesting that at least the mpcs are influenced by more regions than just the prefrontal cortex. In contrast, detailed data on the origin of cortical fibers innervating lpcs are not available at present. Although the tract-tracing study by Vertes (2004) showed labeled fibers in the external capsule, an innervation of lpcs by these fibers was not investigated. Taking into account that feedforward inhibition triggered by mPFC afferents is strongly depressed through DA D1 receptor activation in the BLA and cortical feedforward inhibition of the BLA is largely mediated by lpcs, we think it very likely that lpcs are also innervated by mPFC afferents.
Dopaminergic Modulation of pcs
Our finding that pcs are inhibited by DA via D1 receptors suggests a simple resolution to the paradoxical result that DA D1 receptor activation disinhibits the amygdala on a systemic level yet excites classical BLA interneurons: the systemic actions of DA D1 agonists are due to disinhibition caused by silencing of the pcs network. Consistent with prior investigations showing that DA D1 receptor signaling in the amygdala does not involve the classical cAMP-dependent pathways (Leonard et al., 2003; Loretan et al., 2004) , DA D1 receptors on pcs couple to GIRK channels presumably by direct interaction of bg subunits with the GIRK1/GIRK4 channels (Huang et al., 1995) . GIRK channel opening by DA D1 receptor activation has been demonstrated previously in GABAergic medium spiny neurons in the striatum (Pacheco-Cano et al., 1996) , and interestingly there is evidence that these cells might be ontogenetically related to pcs (Millhouse, 1986) .
Based on our results obtained in vitro, focal injection of DA D1 agonists into the amygdala should be anxiogenic in vivo, while focal application of DA D1 antagonists should result in anxiolysis. Unfortunately, DA D1 agonists have not been applied focally in behavioral tests for anxiety, but focal application of the DA D1 antagonist SCH 23390 onto mpcs in rats does indeed result in anxiolysis of the injected rats (de la Mora et al., 2005) , bolstering the importance of the pc system in controlling amygdala function in vivo. Another behavioral paradigm that involves mPFC innervation and dopaminergic modulation is fear extinction, in which increased mPFC input leads to a suppression of amygdala function and fearrelated behavior (Phelps et al., 2004) . Interestingly, systemic application of DA D1 receptor agonists leads to a retardation and even reversal of fear extinction in the rat (Borowski and Kokkinidis, 1998) , pointing to a critical involvement of the pc system in this phenomenon as well. Moreover, it was recently demonstrated that chronic stress, which likely increases dopamine levels in the amygdala (Inglis and Moghaddam, 1999; Yokoyama et al., 2005) , produces disinhibition in the CeA in vivo, similar to the effect achieved by severing mPFC afferents (Correll et al., 2005) . Again, the pc system is the most likely candidate for mediating this effect.
Evidently, some classical BLA interneurons are also excited by cortical afferents (Lang and Pare, 1998; Rosenkranz and Grace, 2002; Szinyei et al., 2000) and thus could putatively mediate cortical control over the BLA. But these interneurons have not been further characterized; in particular, data on to their inhibitory impact on BLA signaling are still missing. In fact, the most detailed studies available on BLA interneurons deal with the large fraction of parvalbumin-positive interneurons in the BLA (McDonald et al., 2005; Smith et al., 2000) , which are innervated predominantly by local projection cells rather than cortical afferents. Furthermore, in all BLA interneurons recorded (Krö ner et al., 2004) , DA D1 receptor activation causes an increase in excitability. Nevertheless a DA D1 effect on the inhibitory output of BLA interneurons receiving cortical afferents cannot be ruled out altogether. First, it is possible that these BLA interneurons are not included in the subgroup of cells in which DAergic effects have been studied. Second, their cortical excitatory input might be reduced by DA D1 receptors as suggested by Grace and Rosenkranz (2002) .
In addition to cortical feedforward inhibition, the amygdala also receives afferent input and feedforward inhibition from the thalamus. Interestingly, via activation of DA D2 receptors on LA interneurons, DA depresses thalamic feedforward inhibition and thereby facilitates the induction of long-term potentiation in the lateral amygdala .
Given the interneuron-specific DAergic effects, the spatio-temporal characteristics of DA release allow for a flexible control of amygdala signaling. Low activity levels of the DAergic afferents in the amygdala will preferentially depress the output of pcs due to their dense somatic DAergic innervation. High levels of activity will cause volume transmission and additionally activate DA receptors on other neurons. In expression systems, DA D1 receptors possess a several-fold higher affinity for DA than DA D2 receptors (Seeman and Van Tol, 1994) , which may explain differential activation of the receptors in vivo in certain brain regions (Trantham-Davidson et al., 2004) . Again, low levels of DA release would predominantly activate DA D1 receptors, inhibit the pc system, and facilitate amygdala function, whereas stronger activation would also activate DA D2 receptors and allow for synaptic plasticity.
Experimental Procedures

GAD-GFP Mice
The generation of glutamate decarboxylase 67 (GAD67)-GFP (Dneo) mice used in the present study were described by Tamamaki et al. (2003) . In brief, a cDNA-encoding EGFP was targeted to the locus encoding GAD67 using homologous recombination in order to specifically express EGFP in GAD67-positive cells of the transgenic mice because the expression of EGFP is under the control of the endogenous GAD67 promoter in the transgenic mice. Homologous recombinant ES cells were used to generate chimeric male mice. GAD67-GFP mice were obtained by breeding the chimeric male mice with C57BL/ 6 female mice. The GAD67-GFP mice, which retain a loxP-flanked neomycin-resistance cassette (PGK-Neo), were crossed with CAGcre transgenic mice (Sakai and Miyazaki, 1997) to delete the PGKneo sequences. The resultant GAD67-GFP (Dneo) mice lack the PGK-Neo cassette, and the expression of EGFP in GAD67-GFP (Dneo) mouse brain was found to be higher than that of EGFP in GAD67-GFP mouse brain (Tamamaki et al., 2003) . We used the heterozygous GAD67-GFP (Dneo) mice and called these transgenic mice GAD-GFP mice for simplicity. Because the knockout of both GAD67 alleles is lethal at birth (Asada et al., 1997) , mice heterozygous for the altered GAD67 allele were used for all experiments in this study.
Electrophysiology
Coronal slices (300-400 mm thick) were cut with a vibratome (Microm HM 650V, Germany) from brains of 17-to 28-day-old mice. Animals were anesthetized with isoflurane and killed by decapitation in accordance with national and institutional guidelines. Brains were quickly removed and transferred to ice-cold oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 1 CaCl 2 , and 10 glucose. Slices were cut at 4ºC, placed in 32ºC -34ºC warm ACSF for 20-30 min, and then kept at room temperature.
An upright microscope (Olympus BX51WI, Switzerland), equipped with Nomarski differential interference contrast optics, an infrared videoimaging camera (VX55 Till Photonics, Germany), and a standard 100 W tungsten lamp connected to an epifluorescence system were used to visualize EGFP-expressing interneurons in the acute slices using a 203/0.95NA water immersion lens. Patch pipettes were pulled from borosilicate glass tubing (1.5 mm outer diameter, 1.17 mm inner diameter) (Clark, England). The pipettes had open tip resistances of 4-8 MU and were filled with an intracellular solution containing (in mM): 130 K gluconate, 1 EGTA, 10 HEPES, 5 Mg ATP, 0.5 Na GTP and 5 NaCl. The pH was adjusted to 7.3 with KOH, osmolarity was 290-300 mOsM. For some experiments 1 mM GDPbS was included. For paired recordings, the postsynaptic cell was patched with pipettes filled with an intracellular solution containing (in mM): 100 CsCl, 2 MgCl 2 , 0.1 EGTA, 2 MgATP, 0.3 NaGTP, and 40 HEPES. The pH was adjusted to 7.3 with CsOH, osmolarity was 290-300 mOsM. Sometimes 2 mg/ml biocytin was added to either solution for reconstruction of the cell. The recording temperature was 30ºC-33ºC. Recordings with initial resting potentials more positive than 255 mV for interneurons and 265 mV for principal neurons were discarded.
All membrane potentials have been corrected for a junction potential of 11 mV for recordings with the potassium gluconate solution. Data were recorded with a Multiclamp 700A amplifier (Axon Instruments), filtered at 10 kHz, and digitized at 20 kHz (A/D hardware from National Instruments). In all experiments, series resistance was monitored throughout the experiment by applying a hyperpolarizing pulse, and if it changed by more than 20%, the data were not included in the analysis. Data were acquired and analyzed on standard personal computers with IGOR Pro software (Wave Metrics, Lake Oswego). Spontaneous events were detected offline with the ''Mini Analysis'' Program (Synaptosoft). NBQX, CGP 55485, (S)-(-)-sulpiride, dihydrexidine, SCH23390, and (-)-quinpirole were from TocrisCookson (ANAWA Trading, Switzerland); all other chemicals were from Fluka/Sigma (Switzerland). Statistics: multiple comparisons were performed with ANOVA and post-hoc Bonferroni tests, simple and pairwise comparisons were performed with the appropriate two-tailed Student's t tests. Results of several experiments are reported as average 6 standard error of the mean (6 SEM).
Immunohistochemistry
Immunoperoxidase staining for E-GFP was performed as described (Zeilhofer et al., 2005) in perfusion-fixed tissue from 3-to 4-week-old transgenic mice, using a polyclonal antibody against GFP (1:80,000; Synaptic Systems, Gö ttingen, Germany). No specific staining was observed in tissue from wild-type mice. For illustration, digital photomicrographs were taken with a Zeiss Axiocam camera. Doubleimmunofluorescence staining was performed with antibodies against GFP, against classical markers of interneurons in the amygdala (parvalbumin, calbindin, NPY, somatostatin, CCK), and against tyrosine hydroxylase (1:10'000; Diasorin, Stillwater, Minnesota) as described (Zeilhofer et al., 2005) , using secondary antibodies coupled to Alexa 488 and Cy3. Images from both markers were acquired sequentially by multitracking with a Zeiss LSM 510 Meta confocal laser scanning microscope and then digitally merged. For illustration, stacks of 8-12 confocal sections spaced by 0.5 mm were generated using a maximal-intensity projection algorithm.
Colocalization of interneuron markers and GFP was assessed in single confocal sections. The pcs from four mice for this experiment were not double-labeled for any of the markers. Analysis of the distribution of TH-positive axons in the parietal cortex and hippocampus of both wild-type and transgenic revealed that presumptive noradrenergic axons were labeled only weakly at the antibody concentration used, whereas presumptive dopaminergic axons in the cingulate cortex, basal ganglia, and hypothalamus were strongly labeled. Therefore, TH-positive axons in the amygdala likely represent dopaminergic projections.
Supplemental Data
Supplemental Data include one figure and a 3D reconstruction and are available with this article online at http://www.neuron.org/cgi/ content/full/48/6/1025/DC1/.
